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Silicon  nanowires  with  hydride,  methyl  and  siloxane  surfaces  terminations  were  evaluated  as  anodes 
in  lithium-ion  half  cells  using  LiPF6  in  EC/DMC  electrolytes.  Voltammetry,  FT-IR  and  XPS  analyses  show 
hydride-terminated  nanowires  react  with  the  electrolyte  and  methyl  termination  tends  to  passivate  sili¬ 
con  surfaces.  Silicon  anodes  pretreated  with  trimethoxymethylsilane  show  decreased  lithium  capacities 
similar  to  methylated  anodes;  however,  the  addition  of  5%  trimethoxymethylsilane  as  an  electrolyte 
additive  resulted  in  the  formation  of  significantly  more  OPFx  compounds  while  improving  capacity 
retention  relative  to  hydride-terminated  nanowires  (2348  mAh  g-1  at  15  cycles  at  C/10  rates).  FTIR 
analysis  show  trimethoxymethylsilane  additives  covalently  bond  silicon  surfaces  and  other  SEI  com¬ 
ponents.  AFM  nano-indentation  tests  also  suggest  the  alkoxy  silane  additives  in  the  electrolyte  function 
as  a  binder  to  improve  silicon’s  ability  to  withstand  the  large  reversible  volume  changes.  The  results 
indicate  silicon  surface  terminations  play  a  key  role  in  chemical  and  mechanical  behaviors  that  control 
reversibility. 
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1.  Introduction 

Silicon  insertion  anodes  may  be  used  in  place  of  graphite  for 
high  capacity  lithium-ion  batteries  or  ultra-high  capacity  lithium- 
air  batteries  [1,2].  The  fully  lithiated  U22S15  alloy  has  the  highest 
theoretical  capacity  of  any  known  material  at  4200  mAh  g-1  [3]; 
however,  the  large  volume  swelling  associated  with  lithiation 
(~300%)  typically  causes  anode  pulverization  and/or  loss  of  phys¬ 
ical  contact  within  the  anode  matrix  [4].  Several  works  have 
considered  various  types  of  silicon  films  and  particles  as  anodes; 
however,  these  have  shown  limited  capacities  and  capacity  reten¬ 
tion  [1  ].  Recent  studies  demonstrate  silicon  nanowires  are  capable 
of  withstanding  the  stresses  of  volume  change  with  near  the¬ 
oretical  capacities  due  to  their  unique  ID  structure  [5,6],  and 
vapor-liquid-solid  (VLS)  grown  silicon  nanowires  have  shown 
capacities  near  1500  mAh  g-1  for  over  80  cycles  [6,7].  Likewise,  Xu 
et  al.  have  demonstrated  the  combination  of  silicon  nanowires  and 
conventional  graphite  (15%  silicon  nanowire  by  mass)  allows  near 
theoretical  silicon  initial  capacity  and  maintains  approximately 
40%  silicon  capacity  for  at  15  cycles  [8].  While  the  nanowire’s 
ability  to  undergo  reversible  volume  changes  without  pulveriza¬ 
tion  is  remarkable,  capacity  fade  and  particularly  losses  related 
to  irreversible  silicon  or  lithium  reactions  and  contact  losses  (in 
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composite  electrodes)  should  be  carefully  considered  for  practical 
anode  applications. 

A  key  factor  in  maintaining  reversibility  is  related  to  the  solid 
electrolyte  interphase  (SEI)  layer  formed  on  the  anode  surface  dur¬ 
ing  charge/discharge  cycles  [9].  The  SEI  layer  formed  on  graphite 
anodes  is  known  to  limit  irreversible  reactions  with  the  electrolyte 
and  to  help  maintain  mechanical  integrity  while  allowing  ion  trans¬ 
port  [10-15].  The  graphite  SEI  may  be  modified  to  improve  anode 
performance,  for  example,  alkoxy  silane  additives  have  been  used 
with  as  surface  (and  the  SEI)  modifiers  or  binders  to  improve  capac¬ 
ity  retention  [16-18].  In  contrast  with  graphite,  silicon  undergoes 
much  larger  volume  changes  (~300%)  during  lithiation  and  delithi- 
ation  steps  and  silicon  surfaces  may  be  relatively  more  reactive 
with  the  electrolyte.  For  example,  silicon  may  be  etched  by  HF 
(originating  from  LiPF6  and  trace  water)  or  may  react  with  elec¬ 
trolyte  decomposition  products  to  form  silicon  fluorides,  silicon 
lithium  alkyl  carbonates  and  lithium  silicates.  In  the  absence  of 
passivating  SEI  films  (or  incomplete  coverage),  these  reactions  may 
exacerbate  capacity  losses  by  continuously  consuming  active  sili¬ 
con  through  prolonged  cell  cycles  [19-21].  In  efforts  to  mitigate 
capacity  losses  associated  with  these  silicon-specific  reactions,  sev¬ 
eral  works  have  evaluated  carbon  coatings  via  pyrolysis,  CVD,  and 
fullerene  sputtering  and  have  shown  improved  initial  capacities 
and  capacity  retention  [22-27].  Similarly  alkoxy  silanes  additives 
have  been  used  with  silicon  thin  film  anodes  and  showed  a  two¬ 
fold  increase  in  reversible  capacity  (2400  mAh  g-1  for  over  200 
cycles).  As  with  graphite,  the  authors  attribute  the  improved  capac¬ 
ity  retention  to  the  stabilization  of  the  SEI  by  Si-O-Si  bonding 
[19,28,29]. 
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While  silicon  surfaces  are  considered  more  reactive,  the  rela¬ 
tionships  between  surface  chemistry  and  anode  performance  are 
not  well  established.  Chan  et  al.  describe  hydride-terminated  sili¬ 
con  surfaces  as  “highly  reactive”  and  cycling  nanowires  with  native 
oxides  surfaces  results  in  much  lower  fade  and  a  significantly  differ¬ 
ent  SEI  composition  [7].  In  addition  to  influencing  anode  stability, 
silicon  surface  chemistry  also  affects  the  transport  and  adsorption 
of  lithium.  Theoretical  calculations  based  on  density  functional  the¬ 
ory  (DFT)  show  lithium  transport  may  be  hindered  by  a  high  energy 
barrier  for  insertion  that  may  be  reduced  by  surface  modification 
[30-32].  In  this  work,  we  examine  the  role  of  silicon  surface  chem¬ 
istry  and  consider  the  potential  for  designed  or  engineered  solid 
electrolyte  interfaces  using  silicon  nanowire  anodes. 

2.  Experimental 

2.1.  Sample  preparation 

Nanowires  were  prepared  from  single  crystal  (10  0)  silicon  as 
described  in  previous  works  [8,33,34].  Following  electroless  fab¬ 
rication,  nanowires  were  treated  in  buffered  oxide  etchant  (BOE) 
and  rinsed  with  de-ionized  water  to  renew  the  hydride  termina¬ 
tion  before  transferring  to  an  argon  atmosphere  OMNI-LAB  dry 
box  (<1  ppm  water  and  oxygen).  Anodic  electrografting  of  methyl 
groups  to  nanowires  was  performed  using  methyl  magnesium  chlo¬ 
ride  as  previously  reported  [35,36].  Siloxane  functionalization  of 
silicon  nanowire  was  performed  by  immersion  of  silicon  nanowire 
sample  in  5%  trimethoxymethylsilane  in  THF  for  24  h  in  the  dry 
box.  Following  functionalization,  two  types  of  silicon  anodes  were 
prepared  for  battery  tests:  nanowires  attached  to  parent  substrate 
(wafers)  and  composite  silicon  anodes  prepared  by:  (1)  detaching 
silicon  nanowires  from  parent  substrate,  (2)  weighing  and  mixing 
with  graphite,  carbon  black  and  polyvinylidene  fluoride  (PVdF)  in 
N-methylpyrrolidone  (NMP)  to  make  a  paste.  The  paste  for  the  com¬ 
posite  anodes  contains  15%  silicon  and  85%  graphite  by  mass  of  the 
active  material.  The  paste  was  applied  to  a  copper  foil  via  the  doctor 
blade  method  and  the  composite  anodes  were  dried  at  120°C  for 
24 h  to  remove  excess  NMP  [8]. 

2.2.  Electrochemical  measurements 

Silicon  nanowire  anodes  were  assembled  in  lithium-ion  half 
cells  with  lithium  foils  as  reference  and  counter  electrodes.  The 
electrolyte  consisted  of  1  M  LiPFg  (lithium  hexafluorophosphate)  in 
a  1 :1  volume  ratio  of  ethylene  carbonate  (EC)  and  dimethyl  carbon¬ 
ate  (DMC).  Cyclic  voltammetry  was  performed  from  0.01  to  1.5  V 
versus  Li/Li+  at  scan  rate  of  0.05  mV  s-1  and  results  were  normalized 
by  geometric  anode  surface  area.  Charge/discharge  measurements 
for  composite  anodes  were  recorded  at  an  approximate  rate  of  C/1 0 
over  potential  range  from  0.01  to  1.5  V  versus  Li/Li+.  Capacity  data 
were  normalized  by  silicon  weight  within  composite  anodes  by 
subtracting  graphite  from  the  total  anode  capacity.  All  electrical 
measurements  were  carried  out  in  the  dry  box  using  a  Princeton 
PAR  2273  potentiostat. 

2.3.  SEI  characterization 

Silicon  nanowire  anodes  were  rinsed  with  DMC  and  dried  in 
argon  prior  to  surface  characterization.  The  anodes  were  then  trans¬ 
ferred  to  analytical  tools  in  sealed  polyethylene  containers  filled 
with  argon.  SEM  images  were  obtained  using  a  Hitachi  S-3600N 
variable  pressure  SEM  system.  Ex  situ  Fourier  transform  infra-red 
(FT-IR)  spectroscopy  in  attenuated  total  reflectance  (ATR)  mode 
was  performed  using  a  Nicolet  6700  FT-IR  system  (resolution  of 
2  cm-1  for  128  scans  using  mercury-cadmium-telluride  detector). 


Ex  situ  X-ray  photoelectron  spectroscopy  (XPS)  data  were  col¬ 
lected  from  PerkinElmer  PHI  5100  system  using  Al  Ka  X-ray  source 
with  passing  energy  of  20  eV.  Samples  were  sputtered  with  argon 
inside  the  XPS  chamber  to  remove  surface  contaminants.  AFM 
nano-indentation  methods  were  used  to  determine  the  relative 
mechanical  stiffness  of  the  SEI  layer  on  nanowire  anodes.  Silicon 
nanowire  anodes  were  charged  and  discharged  for  1 0  cycles  to  gen¬ 
erate  the  SEI  film  for  AFM  analyses.  The  nanowire  anodes  with  SEI 
layers  were  slowly  contacted  with  a  non-conductive  silicon  nitride 
tip  using  an  Agilent  5500  AFM  tool  operated  in  contact  mode.  The 
tip  approached  the  surface  and  was  retracted  at  a  constant  tip- 
speed  of  lOOnrns-1.  Deflection  was  measured  as  a  function  of 
Z-distance  from  -1000  to  +1000nm  using  Picoscan  software  con¬ 
sole.  All  SEM,  FT-IR,  XPS  and  AFM  analyses  were  obtained  in  fully 
discharged  condition. 

3.  Results  and  discussion 

3.1.  Silicon  nanowire  array  anodes 

Silicon  nanowires  were  fabricated  by  electroless  etching  sin¬ 
gle  crystal  silicon  wafers  in  aqueous  hydrofluoric  acid  with  silver 
nitrate  solutions  as  described  in  previous  studies  [8,33,34].  Fig.  1 
shows  silicon  nanowires  created  in  this  process  are  approximately 
30  |jim  in  length  and  range  from  50  to  500  nm  in  diameter  (average 
diameter  of  253±92nm  1  cr)  after  30  min  of  electroless  etching. 
Nitric  acid  was  used  to  strip  silver  dendrites  followed  by  a  BOE 
treatment  to  remove  oxides  and  provide  a  hydride-terminated 
surface  (Si-H).  All  electrochemical  measurements  were  carried 
out  with  nanowires  attached  to  the  bulk  silicon  substrate  or 
detached  from  substrate  and  combined  with  graphite  (in  case  of 
composite  anodes).  Ohmic  loses  across  the  bulk  silicon  substrate 
(500  |jim  thick)  were  negligible  due  to  the  relatively  low  resistivity 
(1-5  £2  cm)  of  the  parent  wafer. 

3.2.  SEI  modification  of  silicon  nanowire  anodes  with  various 
surface  functionalizations 

Silicon  nanowire  arrays  were  prepared  with  three  types 
of  surface  terminations:  hydride-terminated  (Si-H),  methylated 
(Si-CH3),  and  trimethoxymethylsilane  treated  siloxane  surface 
(Si-O-Si-R).  Another  silicon  anode  initially  hydride-terminated 
was  cycled  with  5%  trimethoxymethylsilane  as  an  additive  in 
EC/DMC  electrolyte  (denoted  as:  “Silane  Additive”),  similar  to 


Fig.  1.  SEM  image  of  silicon  nanowire  arrays  as  fabricated. 
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Fig.  2.  Schematic  representations  of  functionalized  silicon  surfaces. 

previous  works  with  thin  film  anodes  [19].  The  nanowires 
described  here  are  initially  crystalline  and  retain  the  (1  0  0)  orienta¬ 
tion  of  the  parent  wafer  with  (110)  sidewalls.  The  three  back  bonds 
of  (1 1  0)  surface  silicon  atoms  are  shared  with  other  silicon  atoms 
and  the  surface  bonds  structures  were  functionalized  as  shown  in 
Fig.  2. 

3.3.  Electrochemical  measurements  of  silicon  nanowire  anodes 

Cyclic  voltammograms  for  the  first  cycle  (from  1.5  to  0.01  V 
versus  Li/Li+)  are  shown  in  Fig.  3.  The  nanowire  anode  which 
was  initially  hydride-terminated  (Si-H)  shows  charge  peaks  at 
approximately  0.4-0.6  V  versus  Li/Li+,  corresponding  to  electrolyte 
reduction.  The  charging  current  increases  sharply  at  potentials 
more  cathodic  than  0.2  V  which  corresponds  with  lithium  insertion. 
When  trimethoxymethylsilane  is  added  to  the  electrolyte  with  the 
hydride-terminated  nanowire  anodes,  current  densities  increase 
significantly  and  reach  a  maximum  of  approximately  0.1 7  mA  cm-2 
near  0.1  V  versus  Li/Li+  consistent  with  lithiation.  Both  the  methyl- 
terminated  (Si-CH3)  and  siloxane-terminated  (Si-O-Si-R)  anodes 
show  low  current  densities  (less  than  0.04mA cm-2)  at  all  poten¬ 
tials  without  significant  lithiation  currents.  All  four  anodes  show 
relatively  low  discharge  currents,  which  may  be  due  to  nanowire 


Fig.  3.  Cyclic-voltammograms  of  various  silicon  nanowire  anodes. 


agglomeration  (observed  after  the  reactions)  and  possible  mechan¬ 
ical  failures  between  nanowires  and  substrates. 

Lithiation  onset  potentials  may  be  estimated  from  the  derivative 
of  current  versus  potential  curves  (based  on  the  voltammograms 
shown  in  Fig.  3).  As  shown  in  Fig.  4,  more  cathodic  onset  poten¬ 
tials  for  lithium  insertion  are  associated  with  higher  energy  barriers 
for  lithium  adsorption  and  transport  [30-32].  Lithiation  potentials 
for  silicon  nanowires  with  surface  oxides  appears  near  200  mV 
versus  Li/Li+,  which  can  be  explained  by  favorable  silicon  oxide 
surface  intercalation  with  lithium  [7].  The  lithiation  potential  for 
the  hydride-terminated  silicon  anode  occurs  at  potentials  near 
130  mV  versus  Li/Li+  mV  which  is  the  most  anodic  among  all  four 
anodes  considered  here.  When  5%  trimethoxymethylsilane  addi¬ 
tives  were  added,  Si-O-Si  crosslinking  occurs  and  the  lithiation 
onset  potential  shifts  cathodically  to  approximately  102  mV,  sug¬ 
gesting  a  higher  barrier  for  adsorption.  The  onset  potential  for  the 
directly  methylated  silicon  anode  occurs  near  46  mV,  suggesting 
lithium  insertion  into  silicon  may  be  hindered  due  to  the  passi¬ 
vating  nature  of  the  methyl  group  [36].  The  siloxane-terminated 
silicon  anode  shows  no  obvious  onset  potential  for  lithiation  similar 
to  methylated  surface. 

3.4.  SEI  characterization 
3.4. 1 .  ET-IR  analyses 

As  reported  in  anode  studies  with  graphite  [14]  and  silicon  [19], 
FT-IR  analyses  can  provide  useful  information  regarding  the  com¬ 
position  of  SEI.  Ex  situ  FT-IR  analyses  ( ATR  mode)  of  silicon  nanowire 
anode  surfaces  after  the  first  charge/discharge  cycle  are  presented 
in  Fig.  5.  Peak  assignments  were  made  using  standards  created  in 
the  lab  or  using  published  FT-IR  spectra  [14,19,37]. 

Flydride-terminated  (Si— H)  nanowire  anodes  show  several  new 
absorption  peaks  after  the  first  charge/discharge  cycles  which  are 
associated  with  the  SEI  (Fig.  5,  top).  The  doublet  near  854-841  cm-1 
may  be  assigned  as  Li-F  (850  cm-1)  from  the  decomposition  of 
LiPF6.  Likewise,  P-F  stretching  (850-800  cm-1 )  is  also  observed  and 
is  associated  with  inorganic  LiPFx  and  LiPFxO  compounds.  The  peak 
centered  near  1635  cm-1  suggests  the  presence  of  lithium  or  silicon 
alkyl  carbonates  (R-OC02-Mn+,  where  M  represents  Li-Si  alloy  and 
R  is  an  alkyl  group).  Similarly,  the  doublet  at  1482, 1418  cm-1  and 
the  peak  near  1071  cm-1  are  attributed  to  CFI3CFI2-,  C=0  and  C-0 
moieties  (respectively)  from  these  carbonates.  The  C-FI  bending 
seen  at  1304  and  1211  cm-1  is  also  associated  with  alkyl  carbonates 
within  the  SEI. 
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Fig.  5.  FT-IR  spectra  of  SEI  on  silicon  nanowire  anodes. 


Relative  to  the  hydride-terminated  nanowires  (including  those 
cycled  with  the  alkoxy  silane  additives)  spectra  from  the  methy¬ 
lated  nano  wires  (Si-CH3)  show  fewer  new  peaks  arising  from  the 
first  charge/discharge  cycle  (Fig.  5  second  spectra  from  top).  A 
diminished  characteristic  peak  at  832  cm-1  is  attributed  to  resid¬ 
ual  LiPF6.  In  contrast  with  hydride-terminated  surfaces  show  that 
carbonate  decomposition,  the  peaks  at  1380, 1149,  1064,  960  and 
760  cm-1  can  be  assigned  to  the  EC/DMC  electrolyte  itself.  There 
are  no  measurable  peaks  near  1633  cm-1  for  R-0C02-Mn+  groups. 
These  results  suggest  the  methyl  monolayer  on  silicon  surface  is 
relatively  un-reactive  with  the  electrolyte  at  potentials  up  to  0.01  V 
versus  Li/Li+. 

As  seen  in  the  hydride-terminated  nanowire  cycled  with  silane 
additive  spectra  (Fig.  5  third  spectra  from  top)  there  are  a  number 
of  new  peaks  particularly  those  associated  with  Si-O-Si  species 
and  OPFx  compounds.  The  strong  peaks  at  approximately  822  and 
772  cm-1  are  associated  with  P-F  stretching  (850-800  cm-1)  and 
P-O-C  (830-740  cm-1)  stretching  from  0=PF-OR  compounds,  as 
well  as  C-0  bending  (846-740  cm-1)  for  Li2C03  formed  in  SEI. 
The  absorption  peak  at  1621cm-1  arises  from  carbonyl  groups, 
R-OC02-Mn;  and  peaks  at  1499,  1414,  1311  and  1173cm-1  are 
attributed  to  CFI3CFI2-,  C=0,  C-FI  and  C-0  from  carbonates,  respec¬ 
tively.  Si-O-Si  stretching  and  Si-O-C  stretching  peaks  are  also  seen 
at  1 1 73  cm-1  and  at  1 070  cm-1 ,  respectively. 

While  the  methylated  surface  appears  unreactive,  the  Si— H 
anode  shows  active  SEI  formation  including  lithium  or  silicon  alkyl 
carbonates,  lithium  salts  and  P-F  containing  species.  The  formation 
of  PF  containing  products  may  originate  from  LiPF6  decomposition 
to  LiF  and  PF5.  PF5  is  strong  Lewis  acid  and  reacts  with  trace  water 
to  form  0=PF3  and  HF. 

PF5  +  H20  =*  0=PF3  +  HF 

The  HF  and  0=PF3  may  then  react  with  lithium  to  from  LiF  and 
P-F  species.  When  hydride-terminated  silicon  anodes  are  cycled 
with  trimethoxymethylsilane  additives,  the  only  significant  dif¬ 
ferences  between  the  hydride-terminated  spectra  and  the  same 
anodes  with  trimethoxymethylsilane  additives  are  the  generation 
of  Si-O-Si  bonds  and  new  organic  phosphorous  fluorine  com¬ 
pounds.  This  Si-O-Si  bond  is  likely  formed  through  hydrolysis  and 


condensation  with  the  presence  of  water  and  Li+,  and  the  overall 
reaction  can  be  expressed  as  [16]: 

RSiOCH3  +  R'SiOCH3H2^L'+RSiOSiR'  +  CH3OH 

0=PF3  +  •0CH3^0=PF20CH3  +  LiF 

When  trimethoxymethylsilane  additives  are  used,  more 
methoxy  groups  are  introduced  and  reactions  with  OPF3  may  lead 
to  organic  phosphorous  fluorine  compound  as  observed  by  FT-IR 
analyses. 

FT-IR  spectra  of  siloxane-terminated  anodes  (Si-O-Si-R)  as  pre¬ 
pared  shows  absorption  peaks  arising  from  alkyl  and  Si-0  species 
(Fig.  5,  bottom).  Peaks  at  1473  and  1398  cm-1  may  be  attributed 
C-H  bending  from  methyl  groups.  Peaks  at  1180  and  1174  cm-1 
can  be  assigned  as  Si-O-Si  and  Si-O-C  stretches,  respectively.  The 
strong  peak  at  837  cm-1  is  from  Si-C  stretching,  and  the  peak  at 
767  cm-1  is  Si-O-Si  symmetric  stretch.  FT-IR  spectra  of  siloxane- 
terminated  silicon  anodes  after  cycling  is  similar  to  the  silicon 
anode  cycled  with  5%  trimethoxymethylsilane  additives  in  EC/DMC 
electrolyte. 

3.4.2.  XPS  analyses 

Carbon,  oxygen,  fluorine,  and  silicon  XPS  spectra  of  silicon 
nanowire  anodes  after  the  first  cell  cycle  are  shown  in  Fig.  6.  Peaks 
are  assigned  using  standards  or  previous  silicon  and  graphite  anode 
XPS  studies  [7,13,20]. 

The  C  (Is)  spectra  of  silicon  anodes  with  methylated- 
termination  in  Fig.  6  shows  a  broad  peak  from  286.2  indicating 
the  presence  of  C-O,  C=0  in  carbonate  and/or  Si-C  of  Si-CH3  sur¬ 
face.  The  O  (Is)  peak  at  534.2  eV  can  be  attributed  to  hydrocarbons. 
The  strong  peak  at  approximately  688.2  eV  for  F  (Is)  suggests  LiPF6 
residues.  As  with  the  FT-IR  analysis,  the  XPS  data  indicate  the 
surface  of  methylated  silicon  anodes  is  relatively  unreactive  and 
primarily  includes  electrolyte  residuals  in  addition  to  the  grafted 
layer. 

The  C  (Is)  spectra  of  hydride-terminated  silicon  anodes  (Fig.  6 
bottom  spectra)  shows  a  shoulder  from  286  to  288  eV  suggesting 
the  presence  of  C-O,  C=0  in  carbonates,  while  a  peak  at  291  eV  cor¬ 
responds  to  organoflourine  compounds.  The  O  ( 1  s)  peak  at  532.8  eV 
can  be  attributed  to  O  in  carbonates.  A  strong  peak  at  686.4  eV  for 
F  (Is)  suggests  C-F  bonds  from  fluorocarbons  and  LiF,  which  are 
consistent  with  C  (Is)  spectrum. 

When  5%  trimethoxymethylsilane  is  added  to  electrolyte  with 
hydride-terminated  nanowires,  the  C  (Is),  O  (Is)  and  F  (Is)  spectra 
of  the  SEI  (Fig.  6  middle  spectra)  were  similar  to  the  hydride- 
terminated  silicon  anodes  without  any  additives  suggesting  similar 
composition  for  C,  O  and  F  species.  As  shown  in  Fig.  7,  the  SEI 
is  enriched  with  Si  species.  Bare  (uncycled)  silicon  nanowire  Si 
(2p)  spectra  typically  show  two  peaks  at  99.2  and  103.6  eV  corre¬ 
sponding  to  silicon  and  native  oxides;  while  that  of  silicon  anodes 
cycled  with  trimethoxymethylsilane  additives  show  these  peaks 
are  shifted  to  99.3  and  104.3eV  indicating  Si-O-Si  and  Si-O-C 
bonds  are  formed  when  silanes  are  added  to  the  electrolyte. 

Significant  quantities  of  fluorocarbons  are  observed  in  the  SEI 
on  silicon  anodes  both  with  and  without  trimethoxymethylsilane 
additives  in  this  work  as  well  as  reported  in  previous  studies  [7,20]. 
Fluorocarbons  are  associated  with  silicon  anodes  (not  typically 
observed  at  graphite  anodes)  and  indicate  reactions  associated  with 
both  silicon  and  electrolyte.  Yen  et  al.  have  proposed  that  fluo¬ 
rocarbon  compounds  are  generated  from  the  reactions  between 
the  SiF6-2  and  hydrocarbons  [20];  however,  it  seems  unlikely  that 
SiF6-2  species  are  capable  of  transferring  fluorine  to  hydrocar¬ 
bons  (AGf  = -525.7  kcal  mol-1  [38]).  A  more  likely  scenario  would 
indicate  that  silicon  participates  in  fluorocarbon  formation.  It  is 
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Fig.  6.  XPS  spectra  of  SEI  on  silicon  nanowire  anodes. 


possible  alkyl  carbonate  radicals  may  react  with  fluorophosphates 
to  generate  fluorocarbon  compounds  rather  than  bonding  with  sil¬ 
icon  surfaces  as  is  possible  with  graphite. 

Although  the  anode  performance  may  be  strongly  affected 
with  trimethoxymethylsilane  additives  (as  described  in  the  next 
section),  FT-IR  spectra  and  XPS  spectra  from  pretreated  siloxane- 
terminated  anodes  (rather  than  adding  silanes  to  the  electrolyte)  is 
similar  to  the  silicon  anode  cycled  with  the  additives.  This  suggests 
excess  trimethoxymethylsilane  additives  in  the  electrolyte  do  not 
alter  the  surface  chemistry  of  the  SEI. 

3.5.  Charge/discharge  test  for  silicon  nanowire  composite  anodes 

While  silicon  nanowires  attached  to  their  parent  wafer  offer 
homogeneous  substrates  for  analytical  purposes,  their  use  as 
reversible  anodes  is  severely  limited  due  to  agglomeration  and 
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Fig.  7.  XPS  Si  (2p)  spectra  of  SEI  on  silicon  nanowire  anodes  cycled  with  silane 
additive  and  bare  silicon  nanowire. 


contact  loss  upon  cycling.  For  this  reason,  the  capacity  and 
cycle  performance  of  functionalized  silicon  anodes  using  com¬ 
posite  anodes  have  been  evaluated.  Silicon  nanowire  composite 
anodes  (15%  silicon  nanowires  and  85%  graphite  [8])  including 
Si-H,  Si-CH3,  and  Si-O-Si-R  functionalized  nanowire  anodes  were 
prepared  and  cycled  in  lithium-ion  half  cells.  Another  hydride- 
terminated  silicon  nanowire  composite  anode  was  also  cycled  in 
with  5%  trimethoxymethylsilane  additive  under  the  same  condi¬ 
tions. 

As  seen  in  the  SEM  images,  silicon  nanowires  are  randomly  dis¬ 
tributed  among  graphite  flakes  in  the  composite  anode  as  prepared 
(Fig.  8A).  The  anode  surface  is  covered  with  an  observable  organic 
layer  after  15  charge/discharge  cycles  as  shown  in  Fig.  8B. 

The  discharge  specific  capacities  versus  cycle  number  for  com¬ 
posite  anodes  are  shown  in  Fig.  9.  In  this  case  discharge  capacities 
are  normalized  to  silicon  specific  capacities  by  subtracting  graphite 
capacities  within  anodes.  The  initial  discharge  capacity  for  hydride- 
terminated  silicon  composite  anode  is  2433  mAh  g-1.  The  same 
anode  shows  a  reversible  capacity  of  approximately  1364  mAh  g-1 
after  15  cycles  with  a  capacity  fade  of  5.7%  per  cycle.  The  methy¬ 
lated  composite  anode  shows  a  significantly  lower  initial  specific 
discharge  capacity  of  538  mAh  g-1  and  a  reversible  capacity  of 
383  mAh  g-1  after  15  cell  cycles.  The  Si-O-Si-R  composite  anode 
shows  slightly  higher  initial  discharge  capacity  at  1087  mAh  g-1, 
and  reversible  capacity  at  368  mAh  g-1.  The  reversible  capacities 
for  Si-CH3  and  Si-O-Si-R  composite  anodes  are  significantly  lower 
than  that  of  Si-H,  suggesting  silicon  capacities  are  compromised 
by  these  functionalizations.  Hydride-terminated  silicon  nanowire 
composite  anodes  cycled  with  trimethoxymethylsilane  additives 
shows  the  greatest  initial  discharge  capacity  at  3287  mAh  g-1 
and  the  great  reversible  capacity  of  2348  mAh  g-1  after  15  cell 
cycles.  While  the  performance  of  the  hydride-terminated  nanowire 
anodes  with  the  additives  is  significantly  better  than  other  func¬ 
tionalized  electrodes,  the  FT-IR  or  XPS  showed  minor  changes 
in  the  SEI  composition  besides  increases  in  Si-O-Si  bonds  and 
organic  phosphorous  fluorine  compounds.  Moreover,  a  cathodic 
shift  in  onset  potential  was  observed  when  silanes  were  added  to 
electrolyte  with  Si-H  anodes  indicating  higher  energy  barrier  for 
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Fig.  8.  SEM  images  of  silicon  nanowire  composite  anodes  (A)  before  and  (B)  after  cycling. 


lithium  insertion.  While  the  initial  capacities  are  somewhat  similar, 
the  75%  increase  in  reversible  capacity  associated  to  hydride- 
terminated  nanowire  cycled  is  remarkable  and  suggest  the  alkoxy 
silane  additives  improve  capacity  retention  via  a  mechanical  mech¬ 
anism. 

3.6.  AFM  nano-indentation  on  SEI 

An  AFM  nano-indentation  was  used  to  evaluate  mechanical 
properties  of  the  SEI  film  on  silicon  nanowires  based  on  the  notion 
that  the  chemical  nature  of  the  silane-derived  SEI  layer  is  not  the 
primary  factor  attributing  to  improved  anode  capacity  and  capacity, 
In  fact,  several  reports  suggest  the  improvement  in  capacity  reten¬ 
tion  is  associated  with  mechanical  improvements;  however,  there 
are  no  quantitative  data  to  support  the  conclusion  [39,40].  SPM 
(scanning  probe  microscopy)  and  AFM  analyses  have  been  used 
to  study  the  morphology  of  SEI  layers  on  graphite,  tin  and  silicon 
anodes  for  lithium-ion  batteries  [41-44];  however  the  mechanical 
properties  of  SEI  are  not  studied  extensively.  AFM  has  also  been 
used  to  determine  mechanical  properties  of  polymeric  materials 
and  thin  organic  films  such  as  elastic  modulus  and  contact  stiff¬ 
ness  via  nano-scale  indentation  [45-47].  Fig.  10  shows  external 
load  versus  depth  profiles  of  SEI  layers  on  Si— H  anode  and  hydride- 
terminated  silicon  anode  cycled  with  5%  trimethoxymethylsilane 
additives  using  nano-indentation  analyses.  The  slope  of  external 
load  versus  depth  profile  can  be  related  to  the  surface  con- 
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Fig.  9.  Discharge  capacities  versus  cycle  number  of  various  silicon  nanowire  com¬ 
posite  anodes. 


Fig.  10.  External  loads  versus  Z-depth  profiles  for  SEI  layers  on  hydride-terminated 
silicon  anodes  and  silicon  anodes  cycled  with  silane  additive  obtained  via  AFM  nano¬ 
indentation  analysis. 


tact  stiffness  of  the  SEI  layer.  The  contact  stiffness  of  SEI  on 
hydride-terminated  silicon  anode  cycled  with  trimethoxymethyl¬ 
silane  additives  (0.9568  N  m-1 )  is  approximately  125%  greater  than 
that  of  SEI  without  silane  additive  (0.429  Nnrr1).  The  higher  con¬ 
tact  stiffness  suggests  silicon  crosslinking  within  the  SEI  which  may 
be  associated  with  improved  adhesion  within  the  anode  matrix  as 
binders. 

4.  Conclusions 

Silicon  nanowire  anodes  with  hydride,  methylated,  siloxane 
terminated  surfaces  were  prepared  and  their  SEI  layers  were 
characterized  by  cyclic  voltammetry,  FT-IR,  XPS  and  AFM  anal¬ 
yses.  Vibrational  and  binding  energies  show  methylated  silicon 
nanowires  are  relatively  unreactive  while  hydride-terminated  sil¬ 
icon  nanowire  show  SEI  layers  include  carbonates,  lithium  salts, 
P-F  species  and  fluorocarbon  compounds.  Lithiation  potentials 
appear  to  be  a  strong  function  of  surface  chemistry,  for  exam¬ 
ple  the  hydride-terminated  silicon  anode  on-set  potential  is 
104  mV,  while  that  of  methylated  anode  is  46  mV  versus  Li/Li+. 
Pre-treating  nanowires  with  trimethoxymethylsilane  and  adding 
trimethoxymethylsilane  to  the  electrolyte  show  similar  SEI  com¬ 
positions,  including  Si-O-Si  groups  and  OPFx  species,  however, 
capacity  retention  with  trimethoxymethylsilanes  added  to  the 
electrolyte  are  remarkably  higher.  Charge/discharge  capacities 
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of  composite  anodes  show  reversible  silicon  specific  capacity 
is  increased  by  approximately  75%  (2348  mAh  g-1)  when  5% 
trimethoxymethylsilane  is  used  as  an  additive  compared  to  hydride 
terminated  anodes  after  15  cycles.  While  the  FT-IR  and  XPS  analy¬ 
ses  show  no  significant  difference  in  chemical  composition  in  the 
SEI  between  anodes  pretreated  with  versus  alkoxy  silanes  added 
to  the  electrolyte;  AFM  nano-indentation  analyses  show  contact 
stiffness  is  125%  greater  with  the  additive  in  the  electrolyte.  The 
results  suggest  the  primary  benefit  of  the  trimethoxymethylsilane 
additives  is  associated  with  mechanical  (adhesion)  improvements 
as  a  binder  within  the  SEI  that  increases  silicon’s  ability  to  undergo 
the  large  volume  change  associated  with  lithiation/delithiation 
cycling.  These  results  suggest  surface  terminations  or  additives  that 
improve  the  adhesion  or  binding  properties  allowing  reversible 
cycling  while  passivating  surfaces  hinder  lithiation  as  well  as  side 
reactions.  The  work  shows  the  potential  for  engineering  silicon-SEI 
interfaces  to  tune  or  optimize  chemical  and  mechanical  properties 
for  improved  reversibility. 
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